Assam earthquake occurred on a south dipping fault near the northern edge of the Shillong Plateau, which was named the Oldham fault. This attribution has been questioned on geological and geodetic grounds. We refine the triangulation data, adding recently discovered observations, and demonstrate that they require average slip of 25 ± 5 m on a fault that dips south at ∼40 ∘ beneath the plateau. The best fitting solution to the geodetic observations gives a rupture length of 79 km. However, the Chedrang fault, immediately to the west of the Oldham fault, appears to have slipped as a subvertical tear fault during or shortly after the 1897 earthquake, with over 10 m of down-to-the-west normal-sense slip. This observation suggests that the western end of the main rupture approached within a few kilometers of the Chedrang fault, giving a length of 95 km for the rupture. This range of parameters gives a magnitude 8.15< M w <8.35 for the earthquake. The triangulation data cannot be satisfied by slip on the north dipping faults that border the southern edge of the Shillong Plateau nor by slip on a south dipping fault that has been postulated in the Brahmaputra Valley. GPS velocities show that up to 5 mm/yr of shortening is taken up across the plateau and its borders; this suggests, via moment-frequency relations, that the interval between great earthquakes in the region is several thousand years but that earthquakes of magnitude 7 or greater should occur roughly once per century.
Introduction
The great earthquake of 12 June 1897 raised part of the northern edge of the Shillong Plateau by roughly 10 m but resulted in no primary surface rupture. We have previously [Bilham and England, 2001] analyzed this earthquake using angle changes derived from displacement vectors published for two geodetic networks: one crossing the plateau in the N-S direction [Oldham, 1899] and the other running E-W along the Brahmaputra valley to the north of the plateau [Wilson, 1938] (Figure 1 ). We determined that these observations implied slip on a blind south dipping reverse fault, close to the northern edge of the plateau, which we referred to as the Oldham fault.
This conclusion has subsequently been questioned. Some have followed the supposition of Seeber and Armbruster [1981] that the Dauki fault at the southern edge of the plateau slipped in the earthquake [Morino et al., 2014] or have proposed the fresh-looking scarp of the Dauki fault, and that of the Dapsi fault to its west, as a contender for slip in 1897 [Kali et al., 2013] . Others accept the notion of a south dipping blind thrust fault but, contending that morphological evidence for its presence in the northern plateau is weak, have conjectured an alternative location 50 km to the north, close to the Brahamaputra river [Rajendran et al., 2004] ; there are, however, compelling arguments to reject that conjecture [Bilham, 2006; Sukhija et al., 2006] . The brevity of our original article precluded a comprehensive exposition of the geodetic data, and this shortfall has permitted much unnecessary speculation about the existence, location, and slip of the Oldham fault in the 1897 earthquake. This speculation is of obvious significance in the assessment of seismic hazard in the northeastern part of the Indian subcontinent. The attribution of an earthquake of magnitude greater than 8 to one fault (or nonexistent fault) has an impact upon assessment of hazard associated not only with that fault but also with other faults of the region.
The present article is motivated by a number of developments that throw additional light on these issues. First, a publication has been discovered [Burrard, 1898] that lists angle changes directly in the geodetic network on the hanging wall of the Oldham fault. Second, digital elevation data from the Shuttle Radar Topographic Mission (SRTM) [Farr et al., 2007] and Google Earth images allow us to support the geodetic solution with RESEARCH ARTICLE Figure 1 . Setting and locations of triangulation networks. (a) Topography (scale to upper right) and locations of features discussed in the text. Major reverse faults are shown with teeth on the hanging wall; the Chedrang fault (CF, enclosed in red box marking location of Figure A1 ) is shown by a black line. Yellow lines with arrows show the locations of left-lateral strike-slip faults recorded by Taylor and Yin [2009] . Locations of the sites occupied by Bond [1899] and Wilson [1938] are shown, respectively, by blue and yellow dots. Single-letter labels show the cities of Guwahati (G) and Shillong (S) and the epicenter of the 1930 Dhubri earthquake (D). (b) Stations and angular changes measured by Bond [1899] , as reported by Burrard [1898] (Tables 1 and 2 ). (c) Sites occupied by Wilson [1938] ; numbers correspond to sites listed in Table 2 , and triangles, implying angles observed, are taken from the figure in this report. Bars, scale to lower left, show the magnitude of Γ (equation (3)) and the orientation of the axis of maximum horizontal contraction (equation (4)) for each triangle and are plotted with their centers on the centroid of the relevant triangle.
geomorphological observations both on the Oldham fault and on the neighboring Chedrang fault. Third, recent geodetic determination of the rate of rotation of the Shillong Plateau relative to the Indian plate prompts a revised estimate of the rate of shortening across the faults bounding the Shillong Plateau. Finally, we take this opportunity to furnish future investigators with lists of raw data in the form of coordinates and angle changes, should they wish to test or build upon our findings.
The Triangulation Data
We constrain the rupture of the 1897 earthquake using four sets of trigonometrical observations: preseismic measurements from the Eastern Meridional series and Assam Valley series of the Great Trigonometrical Survey of India [Strahan, 1891; Walker, 1882] and postseismic surveys of these same points, undertaken at different times ( Figure 1a) . Immediately following the earthquake, R.D. Oldham persuaded Sydney Burrard, then Director General of the Survey of India, to resurvey points across the Shillong Plateau whose positions had been determined during surveys in the 1860s; this work was carried out by Bond [1899] (Figure 1b and Tables 1 and  2 ). Oldham also recommended remeasurement of a survey along the northern edge of the plateau, which eventually took place in 1936 [Wilson, 1938] (Figure 1c and Table 2 ). In Figure 1 , we display the observations of Tables 1 and 2 in terms of the two components of shear strain:
where u 1,2 are components of displacement in the x 1,2 horizontal directions [Frank, 1966] . These shear strains, which are the only components of the strain tensor that may be determined from angle changes, may also be expressed in terms of the total shear strain
and the orientation of one principal axis of horizontal strain; here we choose the azimuth of the most contractional (smaller positive or more negative) principal strain, whose azimuth , measured clockwise from north, is given by 
1 R a n g s a n a b o 9 1 . 7 2 1 6 2 5 . 2 5 5 4 - T h a n j a i n a t h 9 1 . 8 9 9 5 2 5 . 2 9 4 0 0 . 9 7 M a u t h e r i c h a n 9 1 . 4 5 6 1 2 5 . 5 3 9 7 7 . 3 8 L a i d e r a 9 1 . 6 7 1 8 2 5 . 5 0 2 8 1 . 8 9 D i n g h e i 9 1 . 8 0 2 3 2 5 . [Walker, 1882] . Stations 1-13 were occupied in 1897-1898 [Bond, 1899; Burrard, 1898; Oldham, 1899] . Stations 14-35 were occupied in 1936 by Wilson [1938] ; displacements are read from Wilson's map (see text). (Savage and Burford [1970] , correcting Frank [1966] ).
In addition to the horizontal angle changes of Bond [1899] and the calculated site displacements of Wilson [1938] , Figure 1 also displays the shear strains, derived from these measurements, within triangles ENGLAND AND BILHAM THE GREAT 1897 EARTHQUAKE made up from adjacent stations of each network. These strains are represented by bars whose lengths scale with the magnitude of Γ (equation (3)) and which are aligned with the principal axis of maximum horizontal contraction (equation (4)). Oldham [1899] reported the outcome of Bond's measurements as the apparent coseismic displacements of the observation sites and changes in the lengths of lines joining sites (Table 3) . Bond [1899] derived these quantities from the measured angular changes, defining the orientation and scale of the network by holding fixed the most southerly line, across the Dauki fault. In our earlier study [Bilham and England, 2001] , in order to remove Bond's assumptions of scale and orientation, we analyzed these data by converting the reported changes in line length and the coseismic displacement vectors back into angle changes. Although Bond's adjustment imposes the minimum number of constraints (origin, scale, and orientation) required to convert angular measurements to displacements, it has the effect of distributing errors throughout the network [Bibby, 1982; Frank, 1966] .
The Eastern Network of Bond [1899]
The discovery of a contemporary publication [Burrard, 1898] which, in addition to listing line lengths summarized by Oldham [1899] , also reports Bond's angle changes (Table 1 ) permits us to refine our analysis of deformation associated with the earthquake. In the southern part of the Shillong Plateau, the angle changes listed by Burrard [1898] differ little from those we used in our earlier analysis, but those in the north are sufficiently different to require a revised solution, which we present here. In particular, as can be seen in Figure 1c , changes in the internal angles of the quadrilateral defined by stations 7-9 and 13 were not measured by Bond [1899] , whereas we [Bilham and England, 2001] used changes in these angles that were implied by Bond's adjustment of his observations. Bond's average closure error for the 1898 survey was 3.41 arcsec, suggesting an average dispersed uncertainty of 1.2 arcsec for each measured angle. Burrard [1898] was more conservative in his assessment of errors, asserting that the original triangulation measurements were correct to within 0.3 arcsec and that "Mr Bond's measurements are probably within [2.5 seconds of arc] of the present truth."
The Assam Valley Network of Wilson [1938]
As did Bond, Wilson [1938] reported his results as apparent coseismic displacements (Table 2 ). To convert his angle changes to displacement vectors, he assumed that the extremities of his east-west line at Bharabia and Tatalia (Stations 14 and 35, Table 2 ) had not moved relative to each other. Some of the 1936 survey angles were subsequently compared with the original 1856 angles by Nagar et al. [1989] who were apparently unaware of Wilson's 1938 analysis. Nagar et al. [1989 , 1992 Wilson reported a mean triangular error of 0.64 arcsec (3.1 μrad), a high quality that he attributed to the short observing lines between contiguous survey points. Three of the stations were damaged, but the location of their mark stones could be identified with reasonable certainty. The error in the 1856 survey was reported to be 0.3 arcsec, and hence, the combined error was approximately 4 μrad. We estimate that our quantification of Wilson's [1938] plotted displacement vectors introduced azimuthal uncertainties of ±1 ∘ and errors in the 10.1002/2015TC003902 lengths of displacement vectors equivalent to ±10 cm. These uncertainties add less than 1 μrad additional uncertainty to the estimated angular error.
We recognize, however, that there may be undetectable errors associated with drafting of the displacement vectors in Wilson [1938] . We therefore attempted to test the accuracy of our quantification of Wilson's data by comparing our strain changes with those of Nagar et al. [1992] who used (but did not publish) both Wilson's angles and the pre-earthquake angles measured in 1856 [Walker, 1882] . This attempt was unsuccessful because we identified a step in Nagar et al.'s procedure that, in our opinion, introduced distortion into the strain analysis whose cause may be diagnosed but whose effect cannot be cured without access to the original angle measurements. Nagar et al. indicate that they carried out a network adjustment for the horizontal displacements of 12 points of their 1856 and 1936 data that allowed only 17 degrees of freedom; this implies three constraints in addition to a minimum of four required to solve for the unknown horizontal displacements. These additional constraints would have distributed errors in displacement gradients throughout the network [Bibby, 1982; Bomford, 1980] (see also section 2). Unfortunately, Nagar et al. provide no information on the three additional constraints they used. In comparing our estimates of strain with theirs, we find that in some triangles the shear strains agree to within 2 microstrain, but for others they differ by 20 microstrain. A request to the Survey of India to provide Wilson's raw angle observations (in a form comparable to that published by Burrard, [1898] ) remains unanswered.
Uncertainties in Triangulation Data
The nominal uncertainties in angle changes for Bond's network are of order 2.5 arcsec (12 μrad), and those for Wilson's observations are smaller. But each set of observations may record displacements that are not directly related to slip in the earthquake. Bond [1899] made his measurements at a time when there was still significant aftershock activity which probably caused continuing distortion of the surface, while Wilson [1938] made his observations almost 40 years later. In addition, it is probable that some monuments were affected by landsliding, liquefaction, or settling during the earthquake. Accordingly, we adopt a conservative approach, assigning a uniform uncertainty of 3.75 arcsec (18 μrad, a 50% increase over the uncertainty of Bond's measurements) to all the measurements, except for the six additional changes in angles which we have reconstructed from Bond's reports of changes in length of baselines joining sites. Those changes are marked by footnote c in Table 1 and are assigned an uncertainty of 27 μrad because, for these triangles, only two angles were observed so no check on triangle closure was possible.
Location and Fault Parameters for the Great 1897 Assam Earthquake

Analysis of Angle Changes
We model the causative fault of the 1897 earthquake as a rectangular dislocation (with top and bottom horizontal) embedded within a homogeneous elastic half-space [Okada, 1992] . In reality, there must be a contrast in rigidity of the near-surface rocks between the sediments of the Brahmaputra plain and the crystalline rocks of the Shillong Plateau. The presence of a low-rigidity near-surface layer causes horizontal surface displacements near the fault to be larger than for a homogeneous half-space [Cattin et al., 1999; Savage, 1998 ]. Accounting for this effect upon the angular changes in the Assam Valley network [Wilson, 1938] would require complex physical calculations, the parameters to which (such as sediment thickness and rigidity) are not known with any precision. Furthermore, the sparse available measurements do not warrant a complicated model.
The model has nine free parameters: the horizontal coordinates of each end of the line of intersection between the model fault plane and the free surface, which we refer to as the end points of the model fault; the depths of the top and bottom of the dislocation; its dip; and the strike and dip components of slip on the dislocation. The problem is nonlinear, and, because the observations are sparsely distributed, there are many local minima; it is therefore desirable to seek a global minimum by systematically searching parameter space. In practice this search is seven-dimensional because, with the other parameters fixed, the problem is linear in the components of slip on the plane. Nevertheless, if we were to search through the entire space encompassing the locations that have been proposed for the causative faults of the 1897 earthquake, the computational task would be prohibitive; we therefore adopt a hybrid approach.
We first set a wide bound on our search, allowing the parameters to vary between the limits shown in Table 4 . This part of the search is carried out using the downhill simplex minimization of Nelder and Mead [Press et al., 1992] . For each point sampled in parameter space we calculate the displacements for all sites in the a The top line shows the range in parameters allowed in the search described in section 3.1. The middle line shows the solution that best fits the geodetic observations. The bottom line shows the solution obtained by augmenting the geodetic observations with information on slip on the Chedrang fault (section 3.2.2).
b Calculated from fault area and slip, assuming a shear modulus of 3.3 × 10 10 N m −2 . c Range of difference in depth between top and bottom of fault.
geodetic networks (Figures 1b and 1c ) and compare the angular changes derived from these displacements with those observed (Table 1) or derived from the displacements reported by Wilson [1938] ( Table 2 ). To reduce the likelihood of settling on a local minimum, we carry out this procedure with 10,000 independent random choices of starting simplex. The provisional solution is given by the parameter combination that yields the lowest weighted root-mean-square (WRMS) residual, with each residual being weighted by the uncertainties given above (section 2.3).
We then systematically varied the end points of the faults from the provisional solution, over the regions shown in Figure 2 in steps of 1 km, finding the best fitting dip, top, and bottom of the dislocation for each location using the downhill simplex minimization. Finally, we fixed the end points of the model fault plane at their best fitting locations (Table 4 ) and searched systematically through values of dip, top, and bottom of the fault plane to investigate trade-offs among these parameters. Additionally, in this final step, rake was systematically varied rather than being solved for, as it was in the previous steps.
The parameters of the best fitting solution obtained in this way are listed in Table 4 , comparison between the observed and model shear strains in triangles of the observation networks is given in Figure 2 , and the comparison between model and observed angle changes is given in Figure 3 . Figure 4 shows the trade-offs between dip, rake, and top of the fault plane. We found that variation in the depth of the bottom of the model fault plane had no appreciable influence on the other parameters. Each of the panels of Figure 4 displays a clear minimum in the misfits, but there is a trade-off between depth to the top of the model fault plane and the slip on the plane. The valleys in WRMS in Figures 4a, 4b , and 4d correspond to slip that is buried deeper than 10 km and has a small dextral component (rake ∼110 ∘ ), whereas the best fitting solution has almost pure dip slip.
Depth Range and Length of Rupture
The depth to the top of the rupture is constrained to be at least 5 km (Figure 4a ). The feature of the observations imposing this constraint is the fault-parallel contraction near the projection of the fault to the land surface ( Figures 1 and 2) ; if the fault had reached the surface, then the shear strains there would have shown fault-perpendicular extension. The maximum depth extent of the rupture is constrained only by the observations of angle change toward the southern end of the eastern network ( Figure 1b) . Solutions that fit almost as well as the best fitting depth of 30 km may be obtained by forcing the bottom of the fault to lie at any depth between 30 and 40 km. However, the principal conclusions of this study are not affected by variability in depth to the base of the rupture.
The eastern intersection of the model fault plane with the surface (eastern end point) is constrained by the large differences in angle changes between the eastern and northern networks, in the neighborhood of this end point (Table 1 and Figures 1b and 2 ). The location of the western end point is constrained only by the angular changes in the Assam Valley network (Table 2 and Figure 1c ), and Figure 2 shows that the fault may be extended beyond its best fitting western end point by over 10 km without significant deterioration of the fit; we discuss this point further in section 3.2.2.
Topographic Data
A location for the fault along the northern edge of the Shillong Plateau is supported by geomorphological evidence. In his report of the Assam earthquake, Oldham [1899] argued that the steeply incised gorges on the northern margin of the plateau mark the location of a reverse fault that causes rapid uplift of the plateau. Clark and Bilham [2008] pointed out that the Oldham fault picks out a line of greater steepness of the topography and of north flowing river channels. Here we illustrate Oldham's argument by forming an image of the river valleys from the SRTM data [Farr et al., 2007] . We generate an envelope of the topography by fitting a smooth surface through the highest point in 1 × 10 km windows, aligned with their long axes parallel to the fault. Subtraction of this smooth envelope from the full topographic data set emphasizes the river valleys (Figure 5a ), and we can see, as suggested by Oldham [1899] and Clark and Bilham [2008] , that the intersection of the model fault plane with the surface passes through a line of places where the depths of valleys increase rapidly to the south.
In addition, the profile of the topographic envelope perpendicular to the fault shows a steep northern slope to the plateau with a gentler southward dip across the plateau (Figure 5b ). The topographic expressions of the north dipping Dauki and Dapsi faults, which cause tilting to the north, are much less prominent in this longitude range than is that of the Oldham fault. As we discussed in our earlier analysis, it seems likely that the Shillong Plateau is being raised by reverse faulting near both its southern and northern margins [Bilham and England, 2001 ]. There we argued that, if the Dauki and Oldham faults are not to intersect above the base of the seismogenic layer, then they must dip more steeply than about 40 ∘ [Bilham and England, 2001 , Figure 3] ; we note, however, that these two faults overlap little in their along-strike directions (Figure 1 ), so this constraint is not very strong. Similar arguments apply to the relations between the Oldham and Dapsi faults.
Deformation in the plateau may not be restricted to reverse faulting; Taylor and Yin [2009] note left-lateral strike-slip faulting to the east of the Oldham fault (Figure 1 ). The rate of slip on these faults is not known, but their orientation and sense of slip are consistent with their absorbing shortening perpendicular to the reverse faults, with extension E-W along the plateau. Several prominent and linear river valleys within the plateau (Table 1) , which are shown by grey symbols with their error bars (section 2.3). Thin grey lines either side of the one-to-one line correspond to misfits of ±36 μrad, equal to twice the uncertainty we assume for the angle changes (section 2.3).
are closely aligned with these faults (Figure 5a ), and it may be that further strike-slip faulting remains to be discovered there. Indeed, the 1930 M w 7.1 Dhubri earthquake occurred close to one of these features [Gee, 1934] (Figure 5a ).
Constraint of Location and Slip of Oldham Fault Using the Observed Slip on the Chedrang Fault
In Appendix A we describe field observations made by Oldham [1899] that define the location of and slip upon the Chedrang fault, a ∼24 km long down-to-the-west normal fault, which runs approximately perpendicular to the Oldham fault and about 20 km to the west of the western end of the best fitting rupture as defined by the geodetic data. The Chedrang fault slipped by up to 11 m, contemporaneously with the 1897 great earthquake [Oldham, 1899] ; we suggest that the fault acted as a tear fault that released the concentration of shear stresses on vertical planes at the western end of the rupture of the Oldham fault.
If this suggestion is correct, then we may use Oldham's observations of slip on the Chedrang fault to place constraints on the western end of the main rupture of the 1897 earthquake. We explore these constraints using a boundary element formulation for dislocations in an elastic half-space coded by Gomberg and Ellis [1994] , after [Okada, 1992] . We approximate the Chedrang fault by a set of rectangular panels that follow the complex surface trace of the fault (Appendix A) and whose depths increase to the south, so that their lower edges are consistent with the depth of the Oldham fault (Table 5) . We explore the response of these fault segments to displacements on the Oldham fault by finding, for each candidate displacement on the main fault, the distribution of displacements on the separate elements that minimizes the integral of shear stresses over the model Chedrang fault surface.
Uncertainties in the vertical offsets are generally 1 or 2 m, with the exception of the three largest displacements, for which Oldham's measurements permit uncertainties of about half a meter (Table 5 and Figure 6 ). With the western end point of the Oldham fault fixed to its position derived from the best fit to the geodetic data (Table 4) , slip induced on the elements representing the Chedrang fault remains below 20 cm and cannot be significantly increased by changing the depth of the fault elements. With its western end point fixed at this location, slip on the Oldham fault cannot, therefore, explain the observed slip of up to 11 m on the Chedrang fault.
The western end point of rupture on the Oldham fault is not well constrained, however; in particular, Figure 2 shows that misfits to the geodetic data are only slightly degraded if the end point approaches within a few Table 4 , while the other parameters are varied through the ranges shown in Table 4 , with rake being allowed to vary between 60 ∘ and 140 ∘ . Each panel shows the minimum value of the WRMS residual obtained for that two-dimensional slice through parameter space, with white filled circles showing the locations of the minimum misfit. Abrupt cutoffs in Figures 4a, 4b , and 4d reflect the fact that the magnitude of slip is not systematically varied but is obtained as part of the least squares solution (section 3.1).
kilometers of the Chedrang fault. We therefore carried out a grid search, altering the position of the western end point to find the location that generated the best fit to observed slip on the Chedrang fault. In this search the SE end point, the slip, and the dip of the Oldham fault are held constant. For each grid point we calculated maximum slip and the misfit, in a weighted least squares sense, between the calculated and observed slip distribution; the estimated uncertainties in the observations are shown in Table 5 .
We find that the locations for the NW end point of the Oldham fault that produce the best fit to slip on the Chedrang fault lie within a small region around 90.74 ∘ E, 25.89 ∘ N ( Figure 6 ). We do not propose that our calculation offers a definitive solution for slip on the Chedrang fault. We have, for example, assumed uniform slip on the Oldham fault, whereas the real slip distribution in 1897 was presumably much more complex, as is commonly observed in great earthquakes; we have treated the Chedrang fault as being vertical, whereas its dip may shallow with depth, and other complications may readily be imagined.
Given the small number of observations that Oldham made, it is impossible to carry out a detailed analysis of the mechanics of slip on the Chedrang fault. Indeed, the problem is underdetermined because the misfits between calculation and observation may be further reduced by reasonable-though arbitrary-changes to the tops and bottoms of segments of the Chedrang fault. One aspect of Oldham's observations does, however, produce a robust constraint; the slip of over 10 m between 14 and 19 km (Table 5 ) has an uncertainty of less than 10% of its magnitude. This observation constrains the NW end point of the rupture to lie near 90.74 ∘ E, ENGLAND AND BILHAM THE GREAT 1897 EARTHQUAKE 
Discussion
Fault Parameters of the 1897 Earthquake
The length of the Oldham fault that ruptured was at least 79 km but no longer than 95 km if the argument is accepted that near-synchronous slip of more than 10 m on the Chedrang fault was caused by the stresses generated by the reverse faulting (section 3.2.2). The most unexpected aspect of our solution is that a fault segment which is no longer than 100 km should have experienced slip of 25 m in a single earthquake. This ratio of slip to fault length is at least five times as large as the global average of 2-6 × 10 −5 for large intraplate earthquakes [Scholz et al., 1986; Wells and Coppersmith, 1994] . Such large slip is required, however, by the magnitudes of the shear strains ( Figure 2 ) and is supported by Bond's observations of uplift by up to 7 m in the hanging wall of the eastern end of the fault (Table 2 and Figure 7 ). (Recall that the minimum depth of rupture is constrained to be at least 5 km (section 3.2) so that the slip on the fault must be much larger than the observed uplift divided by the sine of the dip.) Our analysis of the motions on the Chedrang fault also support slip of this magnitude near the western end of the rupture (section 3.2.2). Inferred from Google Earth ( Figure A1) a The first three columns show end points and depths of the fault elements used in boundary element modeling of slip on Chedrang fault (section 3.2.2). Each element is a vertical rectangle with surface coordinates given in the nth and (n + 1)th row of the table (where n is the row number) and with its base at the depth given in the (n + 1)th row. All elements slip from the surface to the depths shown. Last two columns show estimates of slip on the Chedrang fault at these locations, from Oldham [1899] , Tandey [1927] , and Google Earth map (see Figure A1 and text of Appendix A).
Our estimated ratio of 3 × 10 −4 for slip to fault length has been approached or exceeded in several other large intracontinental earthquakes, particularly within India. The rupture area of the 2001 Bhuj earthquake is inferred to have been 20 × 20 km with a mean slip of about 10 m, or a slip-to-length ratio of ∼ 5 × 10 −4 . This earthquake occurred on a blind fault that slipped from 35 km to 9 km depth [Schmidt and Bürgmann, 2006] , in a similar geometry to that we determine for the 1897 earthquake. The 1819 Allah Bund earthquake may have slipped more than 11 m on a 70 km long blind fault-a ratio of ∼ 10 −4 [Bilham, 1999] , but for this earthquake the subsurface parameters are poorly known. Although they are less secure, because they rely on inferences that observed scarps of prehistorical age were formed in single events, slip-to-length ratios higher than 10
have also been determined for earthquakes on a 40-50 km section of the Tapti fault [Copley et al., 2014] and on the 35 km long Vijaydurg scarp [Gaur and Bilham, 2012] . It seems likely that the long-term slip rates on all these faults are very low so that the slip-to-length ratios may be expected to be higher than for faults with shorter intervals between earthquakes [Anderson et al., 1996] .
The minimum estimate of fault length, 79 km, combined with 25 m of slip on a plane whose downdip extent is 37 km (25 km divided by the sine of the dip, Table 4 ) yields an estimated moment of 2.5 × 10 21 N m for the earthquake, or a moment magnitude of 8.19. With the length of 94 km the magnitude becomes 8.24. The principal uncertainties in these estimates arise from the uncertainties in slip (25 ± 5 m) and in the depth of the bottom of the fault (increasing that depth to 40 km would increase the fault length from 37 to 52 km). These considerations decrease the lower bound on the moment to 2 × 10 21 N m and raise the upper bound to 4.8 × 10 21 N m, giving a range of 8.13< M w <8.4 for the magnitude of the earthquake, just failing to overlap with the range of 8.0< M w <8.1 estimated by Ambraseys and Bilham [2003] and with the M w ∼8.1 estimated by Bilham and England [2001] . Figure 4d suggests that solutions yielding moments at the extremes of the range involve misfits that are considerably (≳30%) larger than the best fitting solutions. If we restrict the range of acceptable solutions to those whose misfits to the geodetic data are no more than 20% higher than the best fitting solution, then the magnitude range becomes 8.15< M w <8.35 (Figure 4d ). 
Alternative Fault Models
We now address suggestions that the 1897 Assam earthquake occurred on a different fault from the Oldham fault. Several locations have been proposed based on geological, microseismic, seismic intensity, and/or surface deformation data combined with geological and geodetic observations reported by Oldham [1899] . The earthquake has been attributed to slip on the Dauki or Dapsi faults [e.g., Gahalaut and Chander, 1992; Kali et al., 2012; Morino et al., 2014; Muhkopadhyay et al., 1993] and to slip on a hypothetical fault in the Brahmaputra valley [Rajendran et al., 2004] . These suggestions are, however, incompatible with the geodetic data, as we now demonstrate.
Oldham [1899] initially considered the Dauki fault a viable candidate for the 1897 earthquake, but he changed his opinion because his observations of the severity of observed surface deformation west of 91 ∘ E required an epicenter on the north side of the plateau. Oldham's conclusion is clear both in Burrard's report of his discussion with Oldham about design of the triangulation measurements [Burrard, 1898] and in Oldham's discussion of the measurements themselves [Oldham, 1899, Appendix G] ; there is, therefore, no justification for claiming, as do Morino et al. [2014] , that Oldham [1899] attributed the earthquake to slip on the Dauki fault. The geodetic data show that strain decreases from north to south across the Shillong Plateau (Figure 1b ) rather than increasing, as would be the case for slip on the Dauki fault (Figures 8a) .
Additionally, the greatest uplifts measured by Bond [1899] lie at the north of the plateau (Table 2 and Figure 7) , rather than at the south, as would be expected for reverse slip on the Dauki fault. We do not use these observations in our solutions because the effects of atmospheric refraction are much more serious on vertical angles than on horizontal ones, particularly when the measurements are taken in a humid environment between stations whose heights differ substantially. Oldham argued for an uncertainty of at least 2 m in height, and the errors would not have been systematic because the vertical angles were measured separately over an interval of several months [Burrard, 1898] . Nevertheless, the greatest uplifts observed lie in the region where the greatest uplifts are calculated.
The geodetic solution of Gahalaut and Chander [1992] ignored Oldham's triangulation data but used Oldham's observations of subsidence in the Brahmaputra valley to argue for 5 m of oblique reverse slip on a 170 km×100 km patch of the Dauki fault, which they infer to be dipping north at 5 ∘ . We attempted to find a model for slip on the Dauki fault that would satisfy the geodetic observations, but, unsurprisingly, all models Tables 2 and 3 ) are shown as symbols in boxes, superimposed on Bond's network. Surface uplift calculated [Okada, 1992] from the best fitting fault solution (Figure 2 ) is shown as colored contours relative to the undeformed Indian plate. All vertical displacements are in meters.
for reverse slip on a north dipping Dauki fault yield surface strain increasing from south to north across the Shillong Plateau rather than decreasing, as observed. Constraining the rake to lie within 15 ∘ of 90 ∘ [Gahalaut and Chander, 1992] , we found that the best fitting solution for end points within the regions shown in Figure 8a corresponds to buried reverse slip on a fault dipping at 25 ∘ . We note the severe mismatch between observed and predicted shear strains in the north resulting from this solution; the WRMS residuals everywhere within the search region are twice as large as those obtained for slip on the Oldham fault (Figure 2 ). Better fitting solutions can be found by allowing the end points of the fault to migrate farther from the mapped position of the Dauki fault, but, until the model fault approaches the position of the Oldham fault, the misfits remain unacceptably large.
Equally, the low strain near the Brahmaputra plain and high strain in the northern Shillong Plateau (Figures 1b  and 1c) are inconsistent with the suggestion [Rajendran et al., 2004] that the 1897 Assam earthquake occurred on a fault whose projection reaches the surface near the Brahmaputra river (Figure 8b ). Again, we searched systematically over end points near the Brahmaputra river, this time finding a best fitting solution with a normal sense of slip. As with the Dauki fault, it is possible to find a local minimum with reverse faulting in the Brahmaputra Valley, as desired by Rajendran et al. [2004] , but the misfits remain persistently at twice the level obtained for reverse slip on the Oldham fault. Furthermore, had a reverse-faulting earthquake of large slip occurred in this region, it would have resulted in several meters of uplift of the bed of the Brahmaputra precisely where Oldham describes a depression. Additionally, the height changes observed by Wilson [1938] ( Table 2 ) and the absence of any substantial change in the course of the Brahmaputra river in 1897 rule out a large dip-slip earthquake in the Valley [see also Bilham, 2006] . The north dipping Dapsi fault is too far to the west for slip on that fault to have influenced the network of Bond [1899]. We do not dispute that the Dauki and Dapsi faults are active; they have clear geomorphic expressions which indicate that they are [e.g., Ferguson et al., 2012; Kali et al., 2013] . Slip on those faults could not, however, account for the geodetic observations made following the 1897 earthquake.
Implications for Seismic Hazard
GPS observations show convergence between the southern edge of the Shillong Plateau and Bangladesh at approximately 5 mm/yr [Vernant et al., 2014] . If all this convergence were accommodated by earthquakes of the size of the 1897 event (∼25 m of slip, equivalent to ∼17 m of convergence) the recurrence interval between such earthquakes on individual fault segments would be greater than 3000 years. But the plateau is about 10.1002/2015TC003902 300 km in east-west dimension, while the 1897 earthquake slipped over less than 100 km, so earthquakes must also occur on other fault segments (for instance the Dauki and Dapsi faults) and the recurrence interval between great earthquakes in the whole region must be considerably smaller than 3000 years. It is improbable, however, that the convergence between the southern edge of the Shillong Plateau and Bangladesh is taken up solely by rare great earthquakes, and a more precautionary approach is to assess the hazard posed by smaller but more frequent earthquakes within the volume. We first estimate the time-averaged rate of seismic moment release that would be required to accommodate the strain rate determined by the GPS measurements. For a region of width W, length L, seismogenic thickness S, and shear modulus , in which all the strain is released by slip in earthquakes over a time interval t, the elements of the strain rate tensor,̇ ij , are related to the elements of the summed moment tensor by
where Σ n M ij is the sum of the moment tensors of all n earthquakes taking place in time interval t [Kostrov, 1974] . We adopt a length, L, for the plateau of 300 km (∼90 ∘ E to 93 ∘ E, Figure 1 ) and, based on our analysis here, use a seismogenic thickness, S, of 30 km. We treat the strain as biaxial (shortening perpendicular to the long axis of the plateau, with vertical thickening), so the shortening rate of 5 mm/yr is equal to the across-strike width, W, multiplied by the strain rate. With a value of 3.3 × 10 10 N m −2 for the shear modulus, we obtain an estimate of ∼ 3 × 10 21 N m per thousand years for the time-averaged rate of moment release. (We use a thousand years as the time unit, rather than the more usual unit of a year, in recognition of the fact that it makes sense to apply Kostrov's relation only on timescales that are comparable with the recurrence interval of the earthquakes of interest.)
If this rate of moment release is distributed across earthquakes obeying the Gutenberg-Richter relation between magnitude and frequency, then
where N is the number of events having moment greater than or equal to M 0 in a given time interval. M tot , the total moment release over the interval of observation, is
where M max is the maximum scalar moment in the region of interest. We may rearrange equation (7) to yield
This corrects the expressions (7) and (8) of Molnar [1979] , which lack the factor in the numerator of equation (7) and in the denominator of equation (8); we have discussed this correction with Molnar, and he agrees (P. Molnar, personal e-mail communications, 2015) . With the value of we calculate, equation (6) leads us to expect one earthquake of the magnitude of the 1897 event every ∼2000 years, if the strain rate measured with GPS is all released in earthquakes obeying this moment-frequency relation. Great earthquakes on the borders of the Shillong Plateau must therefore be considered as somewhat less frequent than great Himalayan earthquakes, which appear to have recurrence intervals of 500-1000 years [e.g., Feldl and Bilham, 2006; Bollinger et al., 2014] . If this consideration is correct, paleoseismic investigations attributing liquefaction events to great earthquakes on the Oldham fault with recurrence intervals of a few hundreds of years [e.g., Rastogi et al., 1993; Sukhija et al., 1999] must be interpreted with caution. This liquefaction could, however, be associated with smaller, more frequent earthquakes. Our analysis implies that the region would experience three earthquakes of magnitude 7.5 or greater (M 0 ≳ 2 × 10 20 N m) every thousand years. On average, we should expect one earthquake of magnitude 7 or greater and three of magnitude 6.5 or greater (M 0 ≳ 6 × 10 18 N m) per century. Szeliga et al. [2010] identified 10 earthquakes in the region since 1762 that probably had magnitude greater than 6.5 (magnitude estimated from felt intensities using the minimum-magnitude method and allowing for an uncertainty of 0.5 magnitude units). The agreement between observed frequency of damaging earthquakes in the region and that expected from the strain rates estimated from GPS suggests that it would be unwise to concentrate on rare high-magnitude events, such as the 1897 earthquake, in assessing the seismic hazard of the region. Indeed, the 1869 M w 7.4 Cachar earthquake occurred about 200 km to the ESE of the Oldham fault (93.0 ∘ N, 25.5 ∘ E) [Oldham, 1883; Ambraseys and Douglas, 2004] , and the 1930 M w 7.1 Dhubri earthquake occurred about 50 km to the west of the Oldham and Chedrang faults [Gee, 1934] . It will be noted that the city of Shillong (2011 population 143,000, Figure 1 ) is almost in line with the 1897 rupture and on the same topographic feature. The absence of any known major earthquake between the 1869 and 1897 earthquakes may indicate that the region between the epicenters of these earthquakes, which includes Shillong, is one of high seismic hazard.
Conclusions
Reexamination of the geodetic data of Bond [1899] and Wilson [1938] , and geomorphological information, confirms our original conclusion that the great 1897 Assam earthquake took place on a south dipping reverse fault close to the northern edge of the Shillong Plateau [Bilham and England, 2001] ; we named this fault the Oldham fault. The latitudes of the northeast and northwest end points of the rupture are constrained to within 10 km, ruling out any possibility that the earthquake occurred on a fault near the Brahmaputra river or on the Dauki fault (section 3.2.2 and Figures 2 and 8 ).
The length of fault that slipped was 79 km, or ∼95 km if the displacement of up to 10 m observed by Oldham [1899] on the Chedrang fault (Appendix A) is taken into account. The strike of this fault is N110±5 ∘ E, subparallel to the Dapsi fault and dipping toward it. The projection of the rupture plane to the surface is marked by steep southward increases both in surface height and in valley depth, consistent with uplift relative to base level of the hanging wall of an active reverse fault ( Figure 5 ). Although comparable geomorphic features are associated with the Dauki and Dapsi faults, slip on those faults cannot account for the observed geodetic deformation (Figure 8) .
A remarkable feature of the 1897 earthquake is that, despite ∼25 m of reverse slip, coseismic rupture approached no closer than 5 km to the surface (Figure 4 ). The geodetic evidence requiring blind reverse faulting is the contraction in the region near the projection of the fault to the surface; if slip had reached the surface, then the strain would have been extensional there [e.g. Segall, 2010, p 67] . As one might expect for a blind thrust, the geomorphic expression of the Oldham fault is less dramatic than those of the Dauki and Dapsi faults. The earthquake warped the land surface, with ≳10 m of relative vertical motion over a distance of 10-20 km (Figure 7) , but left few of the clues of seismic activity for which geologists usually search in the epicentral region of major earthquakes. It would, however, be unwise to base assessment of the seismic hazard associated with a fault solely upon the ease with which it can be identified in the field-as several recent devastating earthquakes in the continental interiors have demonstrated [England and Jackson, 2011] .
Our revised solution suggests that slip on the Oldham fault was greater than we estimated previously (25±5 m rather than 16±10 m). The range of parameters for slip on the rupture corresponds to 8.15<M w <8.35 (Figure 4d and section 4.1). Although it is likely that slip at depth in the 1897 earthquake resulted in a reduction in stress within the lower part of the seismogenic crust, stress in the uppermost crust of the northern Shillong Plateau may not have been relaxed, with the implication that seismic hazard may still exist within the region, as has been inferred for smaller blind reverse-faulting events elsewhere [e.g. Elliott et al., 2011 Elliott et al., , 2013 Jackson et al., 2006 ].
Oldham's name for this fault, which we retain, came from the Chedrang River, now known as the Chidrang River. He observed features such as fault-ponded lakes and fractures whose freshness suggested that the offsets occurred shortly before his traverse of the region. Oldham described vertical slickensides and vertical offsets of up to 11 m that were indicative of pure normal faulting. He also learned that two villagers had been killed during the formation of the largest sag pond near the southern bend of the Chedrang fault (now named Wolding Wari, Table 5 ) [Oldham, 1899, p.142] , and because these deaths were believed to have occurred in the main shock, we assume that Chedrang rupture occurred at the same time as the main shock or could have occurred in one of the two large reported aftershocks [Ambraseys and Bilham, 2003] .
In our earlier analysis [Bilham and England, 2001] we envisaged the Chedrang fault to be a straight 20 km long, freely slipping, vertical dislocation extending to depths of ∼ 9 km, stressed by ∼16 m of buried reverse slip of the Oldham fault below it and to its east and SE. However, a detailed comparison of Oldham's map with Google Earth scenes taken since 2004 reveals that the surface trace of the fault deviates significantly from a straight line. Here we revise Oldham's map of the fault, and in section 3.2.2 we revise our earlier analysis of the constraints on the location of slip on the Oldham fault that are implied by Oldham's observations of slip on the Chedrang fault. We summarize in Table 5 Oldham's measurements of vertical offsets on the Chedrang fault and our additional inferences of offset, based on his reports and our interpretation of satellite imagery, as discussed below.
Oldham provided no detailed map of the northern half of the fault (north of Dilma, Figure A1 ), though he described surface flexure of the sediments, and the ponding of lakes relative to various villages to north of Jhira (present-day Zira: elevation ∼50 m). The northernmost expression of the fault appears to be close to the low hills NW of Jhira, near where the 5 m deep lake west of Jhira was breached, resulting in the abandonment of the former course of the Krishnai river. Oldham's photograph of the Jhira lake prior to the breach was reproduced by Marr [1926] , and the depth of the abandoned course of the Krishnai was mapped by Tandey [1927] and described briefly by Nayak [1985] .
Oldham described large fault-ponded lakes near and SE of the confluence of the Krishnai and Chidrang Rivers. The sedimentary deposits across and near the fault have been trenched to a depth of 5 m revealing a possible earthquake dated at 1200 ± 100 years [Rastogi et al., 1993] . Paleoliquefaction of the sediments in the Krishnai valley is reported by Sukhija et al. [1999] who find evidence for two or more shaking events, which they propose to have an approximately 500 year return time.
In his account and map of the southern half of the fault from Dilma into the mountains, Oldham refers all features of the Chedrang fault to the Chidrang river. As it flowed downstream to the north the river crisscrossed the fault, alternately damming the river where it flowed eastward into the fault scarp and creating waterfalls where it flowed westward. From his narrative, Oldham's map of his path can be indexed to the Google Earth image ( Figure A1a) , although, when this is done, we find that the southernmost 4 km of Oldham's map neglects a 30 ∘ change in strike and two small lateral offsets that occurred near jogs in the river. One of Oldham's null vertical offsets in the fault occurs at this 30 ∘ change in strike, and it is possible that his more southerly null offset is at a relay ramp between two en echelon fractures, but this has not been confirmed by field mapping. In the southernmost 2 km of the fault Oldham noted two parallel fractures separated by 12 m but was unable to follow the fault south of a point where it petered out into a series of hillside fractures at an elevation of around 160 m. South of this point, fault-like features are visible on Google Earth imagery, some of which we show on Figure A1a . We have no evidence that these features were activated in 1897, but the southernmost is quite prominent and may be offset by more than 2 m. Oldham traversed SW to NE across the headwaters of the Chidrang River approximately 10 km south of these points and reported no evidence for southward continuation of the fault. Although he traversed parts of the fault where it crossed hillside spurs along the river valley, where lakes remain ponded to this day ( Figure A1b ), Oldham describes his map as a "rough plan" and does not claim to have searched hillsides and adjacent valleys for fault offsets.
Oldham describes the length of the Chedrang fault as 12 miles (19.2 km) lost in the alluvium of the Brahmaputra to the north and dying out in thick jungle to the south, with no trace of it in his subsequent SW to NE traverse that passed 8 km south of the region he explored along the river valley. Our remapped fault is similar in length along strike, but we add 1.7 km to its northern end and 3 km to its southern end, to allow for the regions of low slip that Oldham admits may have been missed in the mountains or in the alluvium to the north (Table 5) .
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(a) (b) Figure A1 . (a) Map of the Chedrang fault constructed from the narrative description given by Oldham [1899] and plotted on Google Earth map (2014).
Coordinates are given at approximate changes in strike (not noted by Oldham) . Former paths of Krishnai river are from Tandey [1927] whose map also shows incision depths and the height of a west facing scarp bounding the Dilma/Zira river terrace. (b) Oblique N40W view of Chedrang fault showing features described by Oldham [1899] . Indicated slip is up to the NE on vertical slickensides. The foreground pool (now filled with sediments) occurred at a 30 ∘ bend in the fault where the projected path of the fault showed no offset. Oldham ascribed the presence of the lake to back tilting of the bed of the stream. The precise path of the fault through the sediments in the distant valley remains conjectural.
